Abstract: We experimentally demonstrate nonlinear noise compensation in an optical phase conjugation assisted 1 st order Raman amplified 30x30Gbaud DP-QPSK transmission system with a spectral efficiency of 3.6b/s/Hz. We show that by optimizing the link symmetry, even with only 1 st order Raman amplification a single, mid-link, optical phase conjugation compensates for 90% of the signal-signal nonlinear interference resulting in a 2.3dB performance enhancement. We show that increasing the number of optical phase conjugations in the presence of 10% residual nonlinearity results in a reduction in the performance enhancement owing to an enhancement in the nonlinear noise generation efficiency of the system. We achieve a record 72% optical phase conjugation enabled reach enhancement of the 30x30Gbaud DP-QPSK signals. 
Introduction
Nonlinear Kerr effects of optical fibers are considered to be a major limiting factor to the performance of long-haul optical fiber transmission systems. Nonlinearity compensation techniques have been studied to expand the performance, reach, or capacity of optical fiber transmission systems. Those techniques can be implemented in the digital domain [1] or in the optical domain [2] . Digital nonlinearity compensation can be implemented in the transmitter [1] , receiver [3] , or both [4] . However, performing nonlinearity compensation in the digital domain is unlikely to fully compensate the nonlinear noise [5] , since the nonlinear interference from neighboring WDM channels can dominate the total nonlinear noise. Indeed, full signal-signal nonlinearity compensation can only be realized in the digital domain with frequency locked transceivers, full knowledge of link properties, and sufficient (currently prohibitively complex) computational capabilities [6] . Optical phase conjugation (OPC) is an inline all-optical signal processing technique that provides transparent dispersion and nonlinearity compensation [2] when deployed symmetrically once (mid-link OPC [2] ) or multiple times (multi-OPC [7, 8] ) along the transmission link. Only partial nonlinearity compensation can be achieved in discretely amplified or distributed Raman amplified transmission systems with large amplifier (or Raman pump) spacing [9] , especially for large bandwidth systems [10] . Full compensation of deterministic (signal-signal) nonlinear effects can be achieved when an OPC is deployed in a quasi-lossless distributed Raman amplified system, either using Raman fiber laser based amplification [11] or very short span lengths [12] . A number of OPC demonstrations for Raman amplified links have been reported recently, which either offered only moderate (<2dB) performance improvement [13] [14] [15] [16] [17] , required short (12km) Raman pump spacing [12, 18] , or employed second order pumping [11] .
With ideal OPC based nonlinearity compensation the system becomes limited by either polarization mode dispersion (PMD) induced reduction of compensation efficiency [19, 20] , or ultimately nonlinear signal-noise interactions [7, 21, 22] . In such systems, the deployment of multiple OPCs is expected to improve the performance, either by restricting the impact of PMD, or providing partial compensation of nonlinear signal-noise interactions [23] giving a significant performance advantage. On the other hand, if an OPC assisted system is limited by the nonlinear signal-signal interactions, the deployment of multiple OPCs may diminish the performance enhancement achieved by a single, mid-link, OPC due to enhanced phase matching attributable to the in-line dispersion compensation provided by the OPC [9] .Unfortunately, to date, no Raman amplified system has achieved compensation for more than 80% of the signal-signal nonlinearity with a total signal bandwidth above 250 GHz and an amplifier spacing above 20km, and clear benefits of multiple OPCs remain elusive.
In this paper, we report an experimental demonstration of 72% reach enhancement achieved by dual-band mid-link OPC using only 1st order Raman amplification with both broad bandwidth (30x30Gbaud WDM DP-QPSK at a spectral efficiency = 3.6b/s/Hz) and moderate (50km) amplifier spacing. This represents the highest reported long-haul reach enhancement for an OPC based system. The dual-band, polarization insensitive OPC enables spectrally efficient and concurrent phase conjugation of two optical bands. Nevertheless, whilst the results correspond to compensating ~89% of the signal-signal nonlinearity, this is insufficient to observe the benefits of signal-noise nonlinearity compensation by multiple OPCs. Indeed, we show that whilst a mid-link OPC assisted system achieves 2.2dB performance enhancement for all channels simultaneously, two and three OPCs generate reduced performance enhancements of 1.6dB and 1.4dB, respectively. In this experiment, we used 10 lasers (linewidth<100kHz), as shown in Fig. 1(a) , where these lasers were spectrally divided between the two OPC bands (Band1:Ch1-5 and Band2:Ch6-10), and the spectral separation between neighboring lasers in each band was 100GHz. The even indexed lasers (Ch2, Ch4, Ch6, Ch8, Ch10) were combined using 4x1 and 2x2 couplers, as were the odd indexed lasers. The two sets of lasers were then further combined using a 3dB coupler to be modulated by an optical modulator fed by a 33GHz clock. The modulator suppresses the laser carrier and generated two optical tones (with 66GHz frequency separation) giving 20 optical lines at the output of the phase modulator. A 1x2 wavelength selective switch (WSS) was used to suppress the remaining unsuppressed carriers and segregate (to different output ports) the comb lines originated from even indexed lasers and the comb lines originated from odd indexed laser. Using a 70:30 optical coupler, the comb lines (at the output of the WSS) from even indexed lasers were combined with outputs of the original odd indexed lasers, and vice versa. The resultant two sets of 15 optical spectral lines separated by 66GHz (in each band) were then separately modulated using independent dual polarization IQ modulators. The modulators were fed by 30Gbaud of DP-QPSK (Nyquist pulse shaped with roll-off factor of 0.1) generated by an arbitrary wave generator operating at 60GSa/s and a 2 15 -1 pseudorandom binary sequence (PRBS). The AWG decorrelated the modulating data for X and Y polarizations by 4096 symbols. The output of the two modulators then were further decorrelated by an optical path difference of 4m before combination, which generated 30 channels each of which was decorrelated from its two neighboring channels. The optical spectrum at the output of the transmitter can be seen in Fig.  1(b) . Figure 2 shows the polarization insensitive dual-band OPC with orthogonally polarized pumps spectrally located at (P 1 )1540.4nm and (P 2 )1570.1nm. The two pump lasers (linewidth<10kHz) were counter dithered (phase modulated) with two tones (60MHz and 600MHz) to raise the effective Brillouin threshold of the highly nonlinear fiber (HNLF) by 8dB. The phases of the electrical RF tones for each optical phase modulator were calibrated to minimize the phase modulation transfer from the pumps to the idlers of the OPC. A phase modulation suppression of 32dBc was observed when conjugating a continuous wave (CW) laser. A polarization controller (PC) and polarization beam splitter were used to enhance the degree of polarization of the two pumps. The two pump lasers were amplified using C-band high power EDFA (to amplify P 1 ) and L-band high power EDFA (to amplify P 2 ), then the amplified pumps were filtered using circulator and fiber Bragg grating (FBG) and combined using a polarization beam combiner (PBC). Finally, two copies of the perpendicularly polarized pumps were created (using a 3dB splitter). At the signal input to the dual-band OPC, a WSS was used to split the input signals into the two bands, the blue band (1541nm-1555.7nm) and the green band (1555.7nm-1570.4nm), as shown in Fig. 2 . A 3dB coupler was used to combine each signal band with a copy of the perpendicularly polarized pumps. A polarization controller was installed on each path to align the pumps with the principal axis of the HNLF, to minimize polarization walk-off and so optimize the polarization independence of the conjugation process. The two bands combined with the pumps were counter propagated in the HNLF (L = 100m, 0 = 1557nm, 0 = 28/W/km, S = 0.024ps/nm 2 /km) via two circulators, as shown in Fig. 2 . Each propagation direction along the HNLF formed an independent OPC, one for each band (the blue and green bands in Fig. 2) . The circulators enabled the extraction of signals, conjugates and pumps after passing through the HNLF. Tunable optical band pass filters (OBPFs) were used to remove the high-power pumps from the output of each OPC. Finally, a WSS was used at the output of the OPC to filter, gain equalize and combine the two conjugated bands. Figure 3(a) shows the optical spectrum at the output monitor (1%) of each OPC path (OPC1 and OPC2), where both paths conjugate an optical signal band of the modulated signal Fig. 3(b) represents the mean of EVM 2 for 10 traces, each containing 500000 samples, detected by 100GSa/s coherent dual polarization optical receiver. The back-to-back measurement (bypassing the OPC) shows that the performance saturated at an EVM 2 of −18.7dB at the highest OSNR (30.1dB) due to the transceiver noise and interference from neighboring channels. With the OPC, the maximum received OSNR was degraded by 3.5dB due to the extra ASE noise added by the OPC. Otherwise, the performance of the dual polarized conjugated signals matched the performance of the unconjugated signals. Figure 4 shows the spectral properties (a) and the maximum EVM 2 (b) of the 30 modulated channels (back-to-back and conjugated through the OPC). The maximum achieved OSNR is degraded by around 3.2dB, whilst the EVM 2 shows a degradation ~0.8dB. The variation in performance among the different channels is below 0.6dB in both cases.
Transmitter

Dual-band, polarization insensitive OPC
Recirculating loop
To emulate a long-haul optical transmission system, we have implemented a recirculating loop that deployed two 50km spans with backward pumped distributed 1st order Raman amplification, shown in Fig. 5 . The modulated signals (see section 2) were switched into the loop using a 2x1 optical switch (SW1). A 3dB coupler was used to split the signal into two copies, one bypassing the OPC and one passing through the OPC to generate the conjugates of the two bands simultaneously. The OPC path contained two additional EDFAs to overcome the 22dB net insertion loss of the OPC block (section 3). A second 2x1 optical switch (SW2) was used to switch between the signals bypassing the OPC and the conjugated signals, to emulate the deployment of OPC within the transmission link. At the output of SW2, an EDFA (NF = 6dB) was used to boost and control the signal power injected to the first distributed Raman span of (50km) standard single mode fiber (Sterlite G.652.D). A 3dB splitter was used to create two equal powered copies of the 1455nm Raman pump and then injected in the backward propagation direction of each 50km span using a wavelength division multiplexer (WDM). At the output of the first span, a gain flattening filter (GFF) was used to maintain the spectral flatness of the signals. An EDFA (at the output of the GFF) was used to compensate for the WDM's and the GFF's insertion loss, then the modulated signals propagate through the second distributed Raman span. At the output of the second span, a 3dB splitter was used to direct a copy of the transmitted signals to the coherent receiver. The Raman pumping power was adjusted for each signal launch powers to achieve zero net dB gain (avoiding the effect of Raman pump depletion at high signals powers), the power profile measured for both spans and displayed in Fig. 5(b) . The received signals were then processed using commercial digital signal processing (DSP) software (Tektronix OM4245); at which used a constant modulus algorithm (CMA) to optimize a 7 taps polarization demultiplexer. The value of dispersion compensated in the DSP was dependent on the system length (number of spans) and whether a mid-link OPC was emulated in the link. In OPC assisted system, the DSP compensated only for the residual dispersion resulted from the dispersion slope and the wavelength shift of the OPC. The receiver then quantified the received signal quality: BER (from decoded bit sequence) and EVM (from the constellation). The number of OPCs deployed along the system and their location along the emulated link was controlled by changing the frequency at which SW2 passed the signal conjugates into the loop. The OPCs were located symmetrically along the link with double segmented separation between any two consecutive OPCs [9] (in case of multiple OPCs), which means that the number of spans between the transmitter/receiver and the nearest OPC is half the number of spans between two consecutive OPCs, as shown in Fig. 5(c) . Figure 6 shows the EVM 2 as a function of signal power launched into the distributed Raman amplified spans at a transmission distance of 2,400km plotting the performance of the central channel of each band (channel 8 and channel 23) with between zero and three OPCs. Without OPC, the electronically dispersion compensated (EDC) system reaches its minimum EVM 2 (−11.6dB) at per channel launch power of approximately −3dBm, while a single mid-link OPC improves in the optimum EVM 2 by 2.2dB as confirmed by the constellation of the received 30GBaud DP-QPSK signal. The level of improvement suggests that 89% of the deterministic nonlinear signal-signal interactions were compensated by the OPC, based on the cubic relationship between the optimum SNR and residual nonlinearity [23] . As the number of OPCs increases, the nonlinear threshold (power at minimum EVM 2 ) is reduced. The reduction in nonlinear threshold is 0.7dB for two OPCs and 1.1dB for three OPCs, whilst the performance is degraded by 0.6dB and 0.8dB, respectively. It has been proposed that power symmetry [12] and polarization mode dispersion [20] will both impact the performance of OPC based transmission systems. In our case, we measured a power symmetry of better than 89% and the theoretically predicted reduction in compensation efficiency due to PMD (assuming a PMD coefficient of 0.04ps/km 0.5 ) of approximately 4% neglecting inter-band nonlinearity. However, these reductions in compensation efficiency are insufficient to explain why the use of multiple OPCs degrades the performance. Such a reversal is only possible due to excess noise [15] (negligible in our case) or enhanced nonlinear phase matching due to the effective dispersion management provided by OPC [9] , implying that the residual nonlinearity in the weakly phase matched region will increase quadratically with the number of OPCs. The uncompensated nonlinear noise in this experiment may be a result of inter-band nonlinearities that may have been compensated due to the band filtering within the OPC. Figure 7 shows the EVM 2 (for the central channel of each band) as a function of distance for an EDC system and a system that deploys a mid-link OPC. The figure shows a clear advantage of the mid-link OPC assisted system over the EDC system, enhancing the maximum transmission distance by 72% (at EVM 2 threshold of 9dB). For a given realistic system, the reach enhancement (achieved by OPC) is expected to be length dependent. At short distances, the dominance of transceiver noise limits the maximum achievable performance of the demodulated signals (at the receiver side), which can be seen in Fig. 3(b) as the performance (EVM) saturates when the OSNR is ranging above 26dB. As a result, the performance enhancement achieved by the OPC will be limited by the maximum achievable performance (limited by transceiver noise). This limited performance enhancement of the OPC can be seen in Fig. 7 as the OPC achieves only 0.6dB performance enhancement at 1200km. At higher distance, the total (linear and nonlinear) noise generated from the transmission link starts to grow and dominate over the transceiver noise; in this case the OPC compensates for the nonlinear noise of the link and results a constant performance enhancement of 2.35dB (72%) at distances above 3000km, as can be seen in Fig. 7 . Figure 8 shows the optical spectrum and the BER for each channel measured at the maximum distance (compatible with HD-RS(255,239), pre-FEC BER = 3.15x10 −3 [24] ). The results confirm that the distance enhancement achieved by the mid-link OPC applies to all 30 channels, increasing the 4400km reach to 7600km (72%). 
Results and discussion
Conclusions
In this paper we have experimentally demonstrated a mid-link OPC assisted distributed Raman amplified transmission system that achieves significant performance enhancement (2.3dB) of WDM signals spread over optical bandwidth of 1THz (two bands, 500GHz each, that contain 30x30Gbaud PM-QPSK signals, Spectral Efficiency = 3.6b/s/Hz). The distributed Raman amplification in the reported experiment has achieved 89% nonlinearity compensation of the deterministic signal-signal nonlinear interactions. We have shown that the implemented system is still limited by the uncompensated (10%) deterministic nonlinear signal-signal interactions; as increasing the number of OPCs, 2 and 3 OPCs, have resulted in a degradation in the performance enhancement achieved by a single OPC of 0.6dB and 0.8dB, respectively. Compared to long-haul experimental demonstrations reported in the literature, our results provide a greater reach enhancement: we have achieved a 72% enhancement using mid-link OPC compared to an EDC system. Original data for this work is available through Aston Research Explorer (https://doi.org/10.17036/researchdata.aston.ac.uk.00000354). 
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